Hybrid aqueous/non-aqueous electrolyte (HANE) inherits the merits from both aqueous (non-flammability) and non-aqueous (high electrochemical stability) systems. Its unique assembly at the inner-Helmholtz interface leads to an interphasial chemistry that supports a 3. 
INTRODUCTION
The impact of lithium-ion batteries (LIBs) can be felt ubiquitously in our life, from portable electronics and electric vehicles to grid-storage applications, 1,2 while their limited energy densities often inconvenience our daily schedule, accessibility, and mobility. The push for new battery chemistries with higher energy density and increased safety has become ever stronger, especially in the presence of the rare but high-profile safety incidents highlighted by the news media. [3] [4] [5] [6] LIBs based on aqueous electrolytes attract intense attention due to their intrinsic non-flammable nature, high tolerance against abuse and environmental moisture, high flexibility in both form-factor and manufacturing environment, as well as little reliance on battery management systems at module or pack levels. [7] [8] [9] However, the electrochemical instability of water, as characterized by its narrow voltage window of 1.23 V, places an upper limit on their energy densities (<70 Wh/kg), excluding them completely from the category of ''high-energy rechargeable batteries.'' 8, [10] [11] [12] This upper limit was recently breached by a new class of aqueous electrolytes. 13 Named ''water-in-salt'' electrolyte (WiSE) after the superconcentrated lithium salts used therein (>21 m, mol/kg, molality), such an aqueous electrolyte and its later improved derivatives can support diverse battery chemistries within its expanded voltage window of 3.0 V, with the cathodic limit located at $1.90 V versus Figure 1C ), which is higher than typical non-aqueous Figure 1C ). In practical battery applications, such preferential Li + transport would favor the kinetics of cell chemistry, especially at high C rates. In these HANEs, ion conductivities are higher than the corresponding non-aqueous but lower than aqueous electrolytes ( Figure S2 ).
On the other hand, in Fourier transformed infrared (FTIR) spectra ( Figure 1D ), the typical stretching mode of the carbonate ester carbonyl (C=O) in DMC ($1,750 cm À1 ) shifted to lower wavenumber upon the addition of LiTFSI, which indicates its occupation by Li + . [26] [27] [28] With increasing presence of aqueous portion, the C=O stretching mode weakens until its complete disappearance. A similar trend was observed in Raman spectra as well ( Figure 1E ), where the CO 2 deformation mode at $520 cm À1 splits into multiple peaks upon addition of LiTFSI due to the breaking of the structural symmetry, [29] [30] [31] and, in the presence of aqueous portion, it decreases gradually in intensity. This change also applies to the CH 3 Figure 2A ) is often observed in MD simulations. Such Li 2 TFSI aggregates were previously shown to undergo reduction to form a LiF interphase below 2.9 V. 13, 32 Importantly, many DMC molecules also coordinate Li + , not only through the carbonyl oxygen (Oc) but also through the ethereal oxygen (EO), resulting in two Li + solvates bridged by DMC to form the Li DMC is known to lead to formation of Li semi-carbonates or Li 2 CO 3 that have low solubility in water and would precipitate, forming an SEI. 27, 34, 35 The presence of the Li 2 DMC and Li 2 TFSI aggregates in bulk and interfacial electrolyte layers on the anode (see Figures 2D and S5) indicates that both TFSI and DMC likely participate in the interphasial chemistry, and support for the hypothesis about the stepwise formation of the SEI was evidenced by the electrochemical behavior shown in the cyclic voltammetry ( Figure 2E ). During the initial scan, a reduction peak at $1.5 V versus Li was presented and disappeared after the fifth scan, consistent with the reduction of Li 2 DMC solvates predicted by modeling. This typical passivation phenomenon should be ascribed to the formation process of an interphase, which results in the further extension of the cathodic limit to $1.0 V versus Li, much lower than what WiSE could achieve ( Figure S6 ). It is reasonable to conclude that H 2 O reduction was further suppressed owing to the formation of an additional interphase driven by the reduction of DMC. An interphase consisting of distinct chemical species from TFSI À and DMC solvent was thus hinted at from the solvation sheath structure and the electrochemical behavior, with both LiF and Li 2 CO 3 as the main components of construction of the SEI ( Figure 2F ). As the direct consequence of the unique Li + -solvation structure in HANE, the unusual interphasial structure constructed by this stepwise formation mechanism could lead to an interphase that more effectively blocks the electron tunnel while better conducting Li + across it.
The anodic limits for HANE are closely related to how H 2 O, DMC molecules, and anions adsorb at the inner-Helmholtz interface of the electrode as a function of electrode potential, 5 as revealed by the MD simulations ( Figure S5 ). H 2 O tends to desorb from the electrode proximity as the electrode is positively polarized, accompanied by the simultaneous increase in H 2 O population in a second layer. TFSI À and DMC are strongly adsorbed on the electrode surface, which shields H 2 O molecules from direct interaction with the cathode surface and minimizes oxygen evolution at the high potential of 4.5 V (Figure 3A) , as expected from the higher nucleophilicity of both TFSI À and DMC. Such preferential adsorption leads to a higher anodic limit of HANE, as it has been also responsible for the high anodic stability of WiSE and is in agreement with the previous observations for other concentrated electrolytes. 36 An anodic limit of $5.1 V versus Li was conservatively demonstrated from the cyclic voltammetry conducted on Pt electrodes ( Figure 3B ), and the oxygen evolution current decreased significantly compared with WiSE ( Figure S7 ). Combined with the extended cathodic limit due to the interphase on the anode, an overall electrochemical stability window of 4.1 V is now available, providing desired flexibility in selecting electrode materials that are otherwise forbidden in the dilute or even concentrated WiSE aqueous electrolytes.
The expanded electrochemical stability window for H 1 D 1 HANE was further verified by active electrode materials based on spinel LTO and LNMO. Though safely enveloped by the electrochemical stability window of non-aqueous electrolytes, the application of LTO in aqueous electrolytes has always been problematic because of the ''cathodic challenge'' 5,14 ( Figure S8 ) and titanate's natural tendency in catalytically splitting water. Even with the so-called hydrate melt based on LiTFSI and LiBeti (equivalence of $28 m concentrated aqueous solution), LTO is only partially stabilized, while its full capacity can only be accessible at very high C rates on Al current collectors to circumvent the effect of hydrogen evolution. 23 However, as the additional interphase layers formed in HANE along with water activity further suppressed therein because of the presence of DMC, the reversible lithiation-delithiation of LTO became possible ( Figure 3B ), even at low C rates. On the other hand, the high anodic stability of 5.1 V well accommodates the redox reaction of the LNMO cathode (4.96 V/4.82 V). Hence, a 3.2 V aqueous cell constructed on LTO-LNMO (mass ratio 1:2) was assembled and evaluated in HANE. A low current density of 0.5 C instead of a high rate was used to demonstrate the authentic stability of HANE at the extreme electrode potentials. Such an LTO-LNMO full cell delivers a voltage plateau at 3.0-3.2 V during both charging and discharging processes. The discharging capacity based on the LTO mass is 163 mAh/g, near its theoretical capacity (175 mAh/g), 37, 38 confirming the full utilization of LTO in HANE. In the first cycle, a coulombic efficiency of 83.5% indicates the relative amount of HANE consumed to form the SEI on the anode along with some H 2 O decomposition, while in the second cycle the voltage profile of the discharge already becomes nearly identical to the first discharge, suggesting the near completion of interphase formation. The energy density of this aqueous full cell achieves 165 Wh/kg (55 Ah/kg and 3.0 V average discharge potential) based on the first discharge curve ( Figure S9 ), which is comparable with those of the non-aqueous Li- ). Further optimization in the cell design and engineering may improve the initial coulombic efficiency and bring the full cell energy density closer to the theoretical value of 255 Wh/kg. The rate capability of the LTO-LNMO cell in HANE was also evaluated ( Figure 3D ). The cell maintains a discharge capacity of 94 mAh/g at 6 C, which corresponds to 58% of its capacity at 0.5 C. The interphasial chemistry from both aqueous and nonaqueous components must have stabilized the LTO surface substantially, because the coulombic efficiency of the full cell increased from 94.3% of the second cycle to nearly 100% after only 20 cycles ( Figure 3E ). Excellent cycling stability ensued, with capacity decay rates per cycle of 0.053% and 0.024% at 0.5 C for 200 cycles ( Figure 3E ) and at 6 C for 1,000 cycles ( Figure 3F ), respectively. 
DISCUSSION
The interphase between electrode and HANE was further analyzed using the electrochemical impedance spectrum (EIS), [42] [43] [44] which was conducted on the LTO/LMNO full cell before and after the first charge-discharge cycle ( Figures 4A and 4B ), respectively. An additional semicircle at the frequency of $20 Hz observed in Figure 4B was attributed to the newly formed interphase. 45 After the first cycle, the impedance spectra became constant in all subsequent cycles ( Figure 4C ), indicating the near completion of the interphasial formation process in the first cycle. This high efficiency of interphase formation, as well as the outstanding protection effectiveness of such interphases in insulating sustained electrolyte decomposition, has been witnessed by voltage profiles in Figure 3C . X-ray photoelectron spectroscopy (XPS) was conducted on the lithiated LTO anode that was recovered after charging to 3.5 V in the first charging process. The binding energies for the 1s valence electrons of C and F are shown in Figure 4D . The F1s signal can be deconvoluted into contributions from the binder polyvinylidene fluoride (670 eV) used in the composite electrode, certain CF 3 species apparently generated by the salt anion TFSI À (687. interphases formed in non-aqueous electrolytes. By contrast, only a very small peak of alkylcarbonates or Li 2 CO 3 was detected on the anode recovered after charging to 2.7 V, with LiF still present in high abundance ( Figure S10) The thickness of such interphases is revealed by transmission electron microscopy (TEM) to be in the range of $10 nm (Figure 4E ), which completely covers the surface of LTO. Since LiF is a poor Li + conductor, it has always puzzled us how a LiF-dominated SEI functions, given the excellent rate capabilities observed experimentally. In the interphases formed in the current HANE, the additional interphasial component alkylcarbonate resulting from the DMC reduction at lower electrode potentials could serve as an assisting phase, whose boundary with LiF crystallites would create a much more conductive pathway according to the space-charge model proposed by Qi and co-workers. 46 On the other hand, no obvious interphase layer was observed from the TEM image of the cycled LNMO ( Figure S11 ), in excellent agreement with previous observations made on LMO (LiMn 2 O 4 ) cycled in WiSE, 13 as well as the MD simulations made on the structure near the inner-Helmholtz layers. 5 Finally, various safety tests on materials were performed to confirm that the intrinsically safe nature brought by the aqueous component, WiSE, was not compromised by the introduction of a non-aqueous component. Differential scanning calorimetry (DSC) demonstrates that the basic thermal behavior of H 1 D 1 HANE is essentially identical to that of WiSE ( Figure S12 ) with no significant exothermic peak observed before 300 C. In the presence of a charged anode (lithiated LTO) and cathode (delithiated LMNO), no major reactions can be detected for H 1 D 1 HANE until the DSC hermetical pan burst at 210 C and 225 C, respectively ( Figure S13A ). In sharp contrast, the non-aqueous electrolytes react violently with these electrodes, as evidenced by the significant exothermic peaks at about 115 C ( Figure S13B ). More visual results were demonstrated in the open flame combustion test ( Figure S14 ) using a propane-oxygen torch ($2,600 C). Besides solvent boiling and evaporation, no HANE combustion was observed despite the DMC present. Hence, we can conclude with confidence that HANE maintains the same safety level as its WiSE ancestor, and would make the Li-ion cells based on such hybrid electrolytes safe.
In summary, we developed a brand-new class of hybrid electrolyte that bridges the gap between aqueous and non-aqueous electrolytes. Such electrolytes inherit the merits of both parent systems and enable a 3.2 V class aqueous Li-ion chemistry with high energy density, cycling stability, and intrinsic safety. The introduction of the non-aqueous component pushes the cathodic limit of the hybrid electrolyte down to $1.0 V with the formation of a hierarchical interphase, and extends the anodic limit to 5.1 V. The Li-ion full cell constructed with LTO and high-voltage LMNO in HANE delivered a high working voltage of 3.2 V and a high energy density of 165 Wh/kg for >1,000 cycles, comparable with some state-of-the-art LIBs using non-aqueous electrolytes. More importantly, the overall LiTFSI concentration was reduced by 15.4% per unit volume of H 1 D 1 HANE as compared with WiSE (Table  S1 ), easing the cost concern imposed by LiTFSI. The aqueous component of the system, WiSE, ensures its safety against both electrochemical reactions and combustion. The unique hybridization approach described in this work not only provides a brand-new and practical electrolyte system for aqueous battery chemistries, but also serves as an inspiration for finding a compromise for the conflicting properties of different materials while maximizing their benefits.
